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Abstract— Novel wideband multi-beam antenna arrays based 
on wideband Butler matrices are presented in this paper. The 
proposed beam-forming arrays are particularly suited to 
increasing the capacity of 4G long-term evolution (LTE) base 
stations. Although dual-polarized arrays are widely used in LTE 
base stations, analogue beam-forming arrays have not been 
realized before, due to the huge challenge of achieving wide 
operating bandwidth and stable array patterns. To tackle these 
problems, for the first time, we present a novel wideband multiple 
beam-forming antenna array based on Butler matrices. The 
described beam-forming networks produce three beams but the 
methods are applicable to larger networks. The essential part of 
the beam-forming array is a wideband three-beam Butler matrix, 
which comprises quadrature couplers and fixed wideband phase 
shifters. Wideband quadrature and phase shifters are developed 
using striplines, which provide the required power levels and 
phase differences at the outputs. To achieve the correct 
beamwidth and to obtain the required level of crossover between 
adjacent beams, beam-forming networks consisting of augmented 
three-beam Butler matrices using power splitters are presented to 
expand the number of output ports from three to five or six. 
Dual-polarized, three-beam antenna arrays with 5 and 6 elements 
covering LTE band are developed. Prototypes comprising 
beam-forming networks and arrays are tested according to LTE 
base station specification. The test results show close agreement 
with the simulation ones and compliance with LTE requirements. 
The designs presented are applicable to a wide range of wideband 
multi-beam arrays. 
Index Terms—Antenna arrays, beam-forming networks, Butler 
matrix, dual-linear polarization, LTE base stations, multi-beam, 
phase shifters, quadrature couplers, wideband. 
I. INTRODUCTION 
ROWDED data traffic is a  major issue to tackle in the 
current wireless communication systems, especially in the 
4G LTE base stations where high data rates are needed. 
Antenna features such as high gain, wide bandwidth and high 
directivity are important and highly desired to meet the system 
requirements [1]-[4]. Linear arrays have been widely used in 
2G, 3G, or LTE base stations to achieve these characteristics 
[5]-[10]. Dual-polarized antenna arrays consisting of 4 and 8 
elements achieved high gain of 14 dBi and 16 dBi in [4] and [6], 
respectively. By interleaving high- and low-band elements, 
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dual-band dual-polarized antenna arrays were designed in 
[6]-[9]. High gain and directivity were obtained in these and 
many similar arrays by employing vertical arrays (columns). In 
order to increase system capacity, base stations with multiple 
columns are widely used in MIMO configurations [11]-[12].   
Another way to increase capacity is using multiple beams to 
create more cells. In the areas of high traffic density such as 
concert arenas and sports stadiums, single-sector antennas may 
not provide sufficient capacity and it is desirable to divide the 
coverage area into a number of smaller cells served from a 
single point. In this case, antennas or antenna arrays with 
multiple beams covering multiple sectors can provide capacity 
advantages over single-sector antennas. Multi-beam antennas 
that provide horizontally sectorized multiple-cell coverage 
within the areas for a particular event are of great interest. 
Another application of multi-beam antennas is in the traditional 
three-sector cellular base stations where one or more of the 
sectors with high traffic density can be divided into sub-sectors 
with separate cells to increase capacity. In all these cases, a 
wideband analog beam-forming network serves as a key 
technology.  
Typical beam-forming networks include Butler matrix, 
Blass matrix and Nolen matrix, among which Butler matrix 
[13] is the most commonly used as it is simple and can be 
lossless in principle. Butler matrices have been employed in 
various smart antenna systems [14]-[17]. Most recently, there 
has been an increasing interest in Butler matrices, and various 
fabrication technologies such as low-temperature co-fired 
ceramic (LTCC) [18], waveguide [19] and substrate integrated 
waveguide (SIW) [20]-[22], have been used to implement 
Butler matrices to millimeter-waves systems for 5G mobile or 
fixed wireless access communication. Various techniques for 
circuit miniaturization [23]-[24], bandwidth enhancement [25], 
and beams control [26] have been applied to traditional 4 × 4 
Butler matrices, to obtain more attractive features. Traditional 
uniform Butler matrices usually include 2𝑛 input ports and 2𝑛 
output ports, such as 2 × 2, 4 × 4 and 8 × 8 formats. In many 
cases, however, M × N beam-forming networks are more 
desirable where the number of beams is not constrained to 2𝑛. 
For cell sectorization, it is much more economical to choose the 
required number of beams based on the coverage requirements 
rather than needing to use 2𝑛 elements as adding extra cells is 
costly if they are not needed. Some non-uniform beam-forming 
networks have been described such as in [27]-[29]; however, 
some of them are narrow-band solutions and none of them has 
been applied to wideband wireless communication systems like 
LTE base stations. 
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In LTE base stations, arrays with multiple vertical columns 
of dual polarization elements are arranged horizontally to 
achieve a narrow beam in the elevation direction and multiple 
beams in the azimuth direction, thereby meeting the need for 
large data capacity. Usually, a single beam antenna provides 
coverage over a 120° sector in the azimuth plane whereas a 
multi-beam antenna covers the same sector with multiple 
narrower beams corresponding to separate cells. In this case, 
the data capacity is dramatically increased due to the increased 
number of cells. For instance, a two-beam array integrated with 
a 2 × 4 Butler matrix was described in [30] for covering a 
one-sector of the traditional tri-sector base station to double the 
capacity. However, though the beam number is doubled, two 
beams may still not provide enough data capacity in some 
high-density areas. High performance multi-beam networks 
such as those presented here are essential for expanding the 
capacity of existing systems as population density increases, 
and single-beam antennas are a huge limitation in extending the 
data capacity of LTE systems. Therefore, there is an urgent 
industrial need to develop new solutions to build wideband 
multi-beam arrays in wireless communication systems.  
In this paper, we present the design of a wideband Butler 
matrix based beam-forming network, which covers the LTE 
band from 1.71 GHz to 2.69 GHz. The wideband beamforming 
network is employed in two alternative beam-forming arrays. 
The challenges are mainly from the requirements for wide 
operating bandwidth, pattern stability and sidelobe levels, and 
in an environment of strong mutual coupling within arrays. 
Considering the existing shortcomings and challenges in the 
current LTE base stations, this paper has achieved the 
following contributions: (1) a wideband three-beam beam- 
forming network to cover the entire LTE band with flexible 
beamwidth; (2) new solutions for the design of key components 
in the beam-forming networks including wideband quadrature 
couplers, phase shifters and power dividers; (3) dual-polarized 
antenna arrays using compact elements with stable patterns and 
steerable beams that meet LTE base station criteria; and (4) 
excellent antenna array performance based on a reduced size 
element that minimizes coupling; (5) the beam-forming 
performance extends across the whole 4G band and have been 
verified by experiment. 
The paper is organized as follow. Section II describes the 
configurations of beam-forming arrays to meet LTE base 
station criteria. Section III considers the theory of three-beam 
Butler matrix, based on which wideband components, 
including quadrature couplers and phase shifters are presented, 
modeled and simulated. Section IV gives thorough descriptions 
of wideband beam-forming networks that are used in LTE base 
stations to feed dual-polarized arrays. Section V presents the 
radiating element as well as arrays used in the multi-beam 
arrays for validating the proposed beam-forming networks. 
Section VI shows all the simulated and tested results of 
beam-forming arrays, confirming all the designs. Finally, 
section VII concludes the paper.  
II. BEAM-FORMING NETWORKS FOR LTE BASE STATIONS 





Fig. 1. Configurations of two beam-forming arrays for LTE base stations: (a) 
using 5-element array; (b) using 6-element array.  
 
Table I  
Power and Phase Distribution on the 5-Element Array 
Element No. 1 2 3 4 5 
Power Level 1/3 2/3 1 2/3 1/3 
Amplitude (dB) -4.77 -1.77 0 -1.77 -4.77 
Phase 
(°) 
Port 1 0 -120 120 0 -120 
Port 2 0 120 -120 0 120 
Port 3 0 0 0 0 0 
 
Table II  
Power and Phase Distribution on the 6-Element Array 
Element No. 1 2 3 4 5 6 
Power Level 1/3 1/2 2/3 2/3 1/2 1/3 
Amplitude (dB) -4.77 -3 -1.77 -1.77 -3 -4.77 
Phase 
(°) 
Port 1 0 -120 120 0 -120 120 
Port 2 0 120 -120 0 120 -120 
Port 3 0 0 0 0 0 0 
 
consist of beam-forming networks and an array of dual-linearly 
polarized antenna columns. In this work, single elements are 
used in place of columns in order to study beam-forming in the 
azimuth plane. The beam-forming networks divide the 
coverage area in the azimuth plane into n (in our case three) 
parts. If the coverage sector is of angular width α, then each 
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beam should cover a sector of (α/n). In LTE base stations, three 
arrays are typically arranged to cover 360° arc and thus α is 
120° for each array. The crossover point is defined as the 
intersection point of two adjacent beams, which may have 
different levels relative to the beam peak depending on the 
array configurations. Basic Butler matrices are such that if the 
outputs are connected to omnidirectional elements, the beam 
crossovers occur at -3 dB. For LTE multi-beam antennas the 
crossover level should normally be at about -10 dB so, to 
achieve this, beams must be made narrower which can be 
achieved if the array is lengthened.  
To this end, we extend the arrays from 3 elements to 5 or 6 
elements as shown in Fig. 1, which shows block diagrams of 
the 5- and 6-element realizations. We refer to such a beam- 
forming network as an augmented Butler matrix. This achieves 
beam crossover values in the range from -10 dB to -15 dB, 
which is suitable for LTE applications. Here we intend to 
generate three beams in the azimuth plane to cover the 120° 
sector with three separate beams each covering a sector of 40°. 
Each beam-forming array is composed of two three-beam 
Butler matrices, power dividers/delay lines and a dual-linearly 
polarized array. Apart from its ability to control the crossover 
level between the beams, the augmented Butler matrix 
necessarily provides an amplitude taper across the array 
aperture which results in a reduced sidelobe level. Some control 
of the sidelobe level can be exercised by selecting the split ratio 
of the power dividers. A suitable arrangement of a 5- and 
6-element beam-forming arrays are shown in Fig. 1. Table I and 
II display the ideal power level and phase distribution on the 
two arrays. 
The three-beam Butler matrix is the essential part of the 
beam-forming network. To produce three beams, phase 
increments of 0°, 120° and -120° are required between the 
outputs for the three required beams. These fixed phase 
relationships are required over the whole operating band. The 
Butler matrix is composed of quadrature couplers and fixed 
phase shifters. All of these components are required to be 
wideband devices. Fig. 2 shows how a three-way Butler matrix 
with the correct output amplitudes and phases can be 
constructed from quadrature couplers and fixed phase shifters. 
For each antenna element in the LTE base station, ±45˚- 
polarization is required and separate beam-forming networks 
and dual-polarized radiating elements are needed for the two 
polarizations. In the cellular environment, the three inputs to 
the Butler matrix correspond to three adjacent beams and are 
fed with signals for three separate cells. The single multi-beam 
antenna is used as an alternative to three independent antennas 
with different pointing fed from three separate cells. 
III. DESIGN OF WIDEBAND THREE-BEAM BUTLER MATRIX  
In this section, we provide the theory and engineering 
design of the essential components within the proposed 
wideband beam-forming network.  
A. Theory of the Three-beam Butler Matrix 
For a three-beam beam-forming network with perfect port 
matching and ideal isolation, the scattering matrix of the three- 
 
Fig. 2. Configuration of the proposed wideband three-beam Butler matrix for 
LTE base stations.  
 
beam Butler matrix with ports 1, 2 and 3 as inputs and port 4, 5 





















]                        (2) 
The matrix of the transmission block of S, is a symmetrical 
unitary matrix. From (2) one can observe the phase differences 







and 0 , respectively. To construct such a beam-forming 
network, quadrature couplers and fixed phase shifters are 
required to provide appropriate power division and phase at 
each output port. The quadrature coupler can be represented 
with an orthogonal transmission matrix 𝑄, which is written as: 
𝑄 = [
𝑎 −𝑗√1 − 𝑎2
−𝑗√1 − 𝑎2 𝑎
]                     (3) 
where 𝑎 is the signal magnitude at one output port, and the 
signal magnitude at the other port is √1 − 𝑎2 . There is 90° 
phase difference between two output ports due to the 
orthogonal property of the quadrature coupler. For the equal- 
split quadrature coupler 𝑄1  with power division ratio of 1:1 
( 𝑎 = 1 √2⁄ ) and unequal-split quadrature coupler 𝑄2  with 
power division ratio of 2:1 ( 𝑎 = 1 √3⁄ ), the transmission 
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The transmission block 𝑇 can be written as:  
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(a)                                                        (b) 
Fig. 3. Equivalent transmission line models of two quadrature couplers: (a) 
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]                             (6𝑐) 
Here, 𝑇1, 𝑃1 and 𝑃2 are all diagonal matrices: 𝑇1  is the center 
part of 𝑇  composed of three components: two equal-power 
quadrature couplers 𝑄1  (𝑎 = 1 √2⁄ ) and one unequal-power 
quadrature coupler 𝑄2 (𝑎 = 1 √3⁄ ) with a 90° phase shifter. 𝑃1  
and 𝑃2 refer to two phase shifting networks, by which 𝑃1 will 
add phase shifts on the row elements while 𝑃2 will add phase 
shifts on the column elements of 𝑇1.  
In (2), the phases of the first elements of each row are 
identical. However, it makes no difference what this value is, 
which means the phase shift block 𝑃1 in (5) can be neglected, 
and the transmission block 𝑇 can be simplified to 𝑇𝑟 as: 

















]              (7) 
It is seen that the phase differences between adjacent 






𝜋  and 0, respectively, which 
satisfy the phase requirements of a three-beam Butler matrix. 
Based on the analysis above, the three-beam Butler matrix can 
be configured as shown in Fig. 2. The configuration is quite 
simple as it is composed of two 3-dB and one 1.77-dB 
quadrature couplers, and three phase shifters with 90° and 180° 
phase shifts. Since the design is aimed at LTE band range from 
1.71 GHz to 2.69 GHz, wideband components operating over 
this band need to be developed accordingly. 
B. Quadrature Couplers 
Following the analysis above, we aim to develop a new type 
of quadrature couplers that can realize equal and unequal 
coupling power ratio with wide operating band range. To 
satisfy the requirements of the bandwidth and power ratio, 
directional couplers with coupled-lines using striplines are 
investigated. Fig. 3(a) shows the configuration of a traditional 
backward wave directional coupler with four ports. The overall 
length of the coupler is 90° at the center frequency, and the 
coupling factor of the coupled-line section is 𝑐. As mentioned 
in the last section, the output amplitude at two ports is 𝑎 and 




    
 
(b) 
Fig. 4. Configuration of (a) Cross-sectional view of the stripline 
implementation used in the design of quadrature coupler; (b) 3D model of the 
constructed quadrature coupler.  
 
TABLE III 
RELATED PARAMETERS OF TWO QUADRATURE COUPLERS 
3-dB coupler 1.77-dB coupler 
Parameters Values (mm) Parameters Values (mm) 
𝑙1 9.2 𝑙1 8.8 
𝑙2 3.0 𝑙2 3.0 
𝑤1 1.96 𝑤1 1.96 
𝑤2 1.5 𝑤2 1.52 
𝑤3 0.24 𝑤3 0.76 
 
coupler 𝑆𝑐1 becomes [31]: 
𝑆𝑐1 = [
0        cos 𝛼
cos𝛼          0
−𝑗 sin 𝛼 0
     0     −𝑗 sin 𝛼
−𝑗 sin 𝛼     0
0 −𝑗 sin 𝛼
  0       cos 𝛼
cos 𝛼        0
]     (8)  
where 𝛼 is an angle depending on the power division ratio 
(PDR) of the coupler. For a 3-dB coupler when the PDR equals 
to 1:1, cos 𝛼 = sin 𝛼 = 1 √2⁄  and 𝛼 = 45°; for a 1.77-dB  
coupler when the PDR equals to 2:1, cos 𝛼 = 1 √3⁄ , sin 𝛼 =
√2 √3⁄  and 𝛼 = 54.74°. Ports 2 and 3 refer to the direct port 
and coupled port, where there is 90° phase difference between 
them; hence the term “quadrature coupler”.  
For an unequal directional coupler with a PDR of 2:1, the 
coupling factor is about 0.82, which is so high that it is difficult 
to realize using planar structures. To tackle the problem, a 
tandem structure shown in Fig. 3(b) is used. Assuming that the 
coupling factors of the two coupled-line sections are 𝛼 and 𝛽, 
the output signal magnitude in this case can be calculated as: 
 port 2: cos 𝛼 cos 𝛽 − sin 𝛼 sin 𝛽 = cos(𝛼 + 𝛽) 
 port 3: −𝑗 cos 𝛼 sin 𝛽 − 𝑗 sin 𝛼 cos 𝛽 = −𝑗 sin(𝛼 + 𝛽) 
Therefore, the scattering matrix of the cascaded quadrature 
coupler 𝑆𝑐2 can be written as: 







Fig. 5. Simulated reflection coefficients of the antenna with ideal circuit feed 
network and its physical realization. 
 






0 cos(𝛼 + 𝛽)
cos(𝛼 + 𝛽)     0
−𝑗 sin(𝛼 + 𝛽)  0
   0  −𝑗 sin(𝛼 + 𝛽)
−𝑗 sin(𝛼 + 𝛽) 0
     0 −𝑗 sin(𝛼 + 𝛽)
 0     cos(𝛼 + 𝛽)






If 𝛼 = 𝛽, the scattering matrix can be simplified as: 
 𝑆𝑐2 = [
0 cos 2𝛼
cos 2𝛼     0
−𝑗 sin 2𝛼  0
   0  −𝑗 sin 2𝛼
−𝑗 sin 2𝛼 0
     0 −𝑗 sin 2𝛼
 0     cos 2𝛼
cos 2𝛼        0
]   (10)  
Compared (10) with (8), it is found that the two-stage 
cascaded structure is able to realize a coupling factor that is 
twice that of the single stage coupler for the same degree of 
coupling of the lines. The even- and odd-mode impedance can 




                                   (11)  
𝑍0𝑜 = 𝑍0 √
1−𝑐
1+𝑐
                                  (12)  
In the cascaded structure, the coupling factor of the 
coupled-line is half that of the overall coupler. Therefore, for 
the 3-dB coupler, the even- and odd-mode impedances are  
74.8 Ω and 33.4 Ω; for the 1.77-dB coupler, the even- and 
odd-mode impedances  are 82.2 Ω and 30.4 Ω, respectively. 





Fig. 6. Equivalent transmission line models of the wideband phase shifter: (a) 
phase shifter; (b) reference line. 
 
 
Fig. 7. 3D model of the constructed phase shifter. 
 
frequencies, requiring that the even and odd mode velocities are 
equal across the band. Microstrip construction has unequal 
velocities and can only be approximately compensated [32]. 
Stripline inherently has equal even and odd mode velocities and 
normally provides much better performance where coupled 
lines are required. Fig. 4(a) shows the cross-section view of the 
proposed stripline, which has three stacked substrate boards 
each with dielectric constant of 𝜀𝑟 and thickness of ℎ1, ℎ2 and 
ℎ1, respectively. There are metal layers on the top and bottom 
of the substrates acting as grounds. Broadside coupling occurs 
between the upper and lower striplines, which are located on 
two sides of the middle substrate. 
Fig. 4(b) shows the 3D structure of the quadrature coupler. 
In this work, two different couplers with coupling coefficient of 
3-dB and 1.77 dB are built in Ansys EM Desktop, and the 
relevant dimensions of two couplers are listed in Table III. The 
coupling coefficient can be controlled by changing the line 
width as well as the overlap between the upper and lower 
stripline. The substrate used for the design is Rogers RO4356B 
with 𝜀𝑟  of 3.48 and ℎ1 , ℎ2  equal to 1.52 mm and 0.76 mm, 
respectively. 
Full-wave simulation results are shown in Fig. 5. Fig. 5(a) 
shows that the power magnitude at port 2 and port 3 of two 
quadrature couplers with PDR of 1:1 and 2:1. For the equal 
PDR case, |𝑆21 | and |𝑆31 | is about -3.1±0.3 dB across the 
frequency range from 1.7 GHz to 2.7 GHz compared with the 
ideal power level -3 dB. For the unequal coupler, |S21| and |S31| 
is about -1.9±0.2 dB and -4.7±0.3 dB, which is very close to the 
ideal value of -1.77 dB and -4.77 dB. Fig. 5(b) demonstrates  







Fig. 8. Synthesized and full-wave simulation results of the phase shifter: (a) 
S-parameters; (b) differential phase. 
 
that both designs achieve excellent port matching and isolation 
across the whole band. Moreover, the phase difference between 
two output ports is constant and stable around 90°,  
representing the orthogonality property of the quadrature 
couplers. 
C. Wideband Fixed Phase Shifters 
In addition to wideband quadrature couplers, fixed phase 
shifters are also critical components in the Butler matrix. To 
achieve stable phase, excellent matching and transmission 
property and small phase deviation are extremely important. To 
that end, a novel type of wideband phase shifter is designed. 
Fig. 6(a) shows the equivalent circuit of a suitable phase shifter.  
It comprises two transmission lines (𝑍1, 𝜃1) and an open-ended 
stub (𝑍2, 𝜃2) at the centre point of two transmission lines. A 
reference line, as shown in Fig. 6(b), is required for comparison 
with the phase shifter section. The operating principle of the 
phase shifter is that if the inputs of the phase shifter and 
reference line (port 1 and port 3 in Fig. 6) are fed with equal, 
in-phase signals, the outputs maintain an almost constant phase 
difference across the band. The ABCD matrix of the phase 
shifter can be calculated by: 
[𝐴] = [











]                             
∙ [




sin 𝜃1 cos 𝜃1
]                                 (13) 
Subsequently, using the ABCD-to-S-matrix conversion, the 










2𝑍𝑜𝐴 + 𝐵 + 𝐶𝑍𝑜
2
                         (14𝑎) 
𝑆21 =
2𝑍𝑜
2𝑍𝑜𝐴 + 𝐵 + 𝐶𝑍𝑜
2
                         (14𝑏) 
where 
𝐴 = cos(2𝜃1) −
𝑍1
2𝑍2
sin(2𝜃1) ∙ tan 𝜃2 




sin2 𝜃1 ∙ tan 𝜃2] 






cos2 𝜃1 ∙ tan 𝜃2] 
The differential phase shift can be calculated by comparing 
the phase of the proposed structure with that of the reference 
line, which is expressed as: 
∆𝜙 = ∠𝑆21_𝑝𝑠 − ∠𝑆21𝑟𝑒𝑓          





]                      (15) 
For an ideal wideband phase shifter, it is required to have 
|𝑆21| = 1, |𝑆11| = 0, and ∆𝜙 = 𝜃𝑟 − 180°. In this case, the 
related value can be determined as: 𝜃1 = 90° and 𝜃2 = 180°. 
These phase shifters can achieve a wide and constant 
differential phase across the desired operating band. To obtain 
90° phase shift, the length of the reference line should be  









Fig. 10. Simulated S-parameters of the fabricated Butler matrix: (a) return loss 
and isolations; (b) transmission coefficients; (c) differential phases. 
 
selected as 𝜃𝑟 = 270°. The impedance of 𝑍1 and 𝑍2 will affect 
the return loss, insertion loss and phase deviation within the 
operating band range. In this design, to cover the wide band 
range and keep a minimized phase deviation, 𝑍1  and 𝑍2  are 
selected as 30 Ω and 33 Ω, respectively. To verify the design, 
full-wave simulation is done using the stripline structure. Fig. 7 
shows the 3D configuration of the phase shifter. It is noted that 
only one layer of stripline is used, which means the distances 
between the metal conductor and two grounds are different as 
ℎ1 and ℎ1 + ℎ2, respectively. 
Fig. 8 shows the comparison between the synthesized and 
full-wave simulation results of the structure. The full-wave 
simulation is done in the EM environment Ansys EM Desktop 
using the same substrate configuration as for the quadrature 
couplers. The optimized dimensions of the phase shifter are 
found to be: 𝑙1 = 4.9, 𝑙2 = 5.14, 𝑙3 = 20, 𝑙4 = 13.9, 𝑤1 =
1.96, 𝑤2 = 3.6, 𝑤3 = 1.4, all in mm. The full-wave simulated 
result demonstrates that over the 1.7 GHz to 2.7 GHz band, the 





Fig. 11. Ideal and simulated power distribution for: (a) 5-element and (b) 
6-element beam-forming arrays. 
 
dB. Three resonant poles can be observed which greatly 
broaden the operating band. With regards to the differential 
phase, ∆𝜙  is around 90 ± 2°  across the same band range, 
which makes it very suitable for minimizing the phase 
deviation of the beam-forming network. It is noted that another 
180° phase shifter is also required in constructing the 3-beam 
Butler matrix; however, since 180°  requires extremely small 
value of impedance that is not practical to realize, it is feasible 
to use two 90° phase shift units to replace the 180° one in the 
following design process. 
IV. WIDEBAND BEAM-FORMING NETWORKS  
A. Modeling and Simulation of Butler Matrices 
After the wideband quadrature couplers and phase shifters 
are designed, a three-beam Butler matrix can be created using 
the configuration shown in Fig. 2. Fig. 9(a) shows the 3D model 
of the Butler matrix built in the full-wave environment Ansys 
EM Desktop. Stripline structure using the same substrate is 
used. To satisfy the requirement of differential phases at each 
port, appropriate length delay lines are implemented as 
meandered lines, making the structure more compact. Two 
3-dB and one 1.77-dB quadrature couplers are used as indicated 
in the configuration of the beam-forming network shown in 
Fig. 2. Several  90°  phase shifters provide 90°  phase shift 
while two units are in series connection to provide 180° phase 
shift at port 6, which is in line with the configuration of the 
three-beam Butler matrix shown in Fig. 2. Specific dimensions 
of the structure are given in Fig. 9(b).  
Fig. 10 shows the performance of the three-beam Butler 
matrix. As shown in Fig. 10(a), excellent matching at all ports  







Fig. 12. Wideband Wilkinson splitters: (a) the printed circuit board realization; 
(b) equivalent circuit. 
 
and isolation between input ports is obtained with |𝑆𝑖𝑖| and |𝑆𝑖𝑗| 
(𝑖, 𝑗 = 1, 2 or 3) are all less than -20 dB across the band. The 
transmission from input to output terminals are given in Fig. 
10(b), which are around -4.4 to -5.8 dB, and comparing well 
with the theoretical value of -4.77 dB at each) port, the overall 
insertion loss is around 0.4 dB. Fig. 10(c) shows the differential 
phase of all cases. To realize the multiple-beam antenna arrays, 
it is required to have differential phase of −120°, 120°, and 0° 
when port 1, port 2 and port 3 are excited. The Simulated phase 
deviation is around ±10° . These results guarantee good 
matching, equal power, and constant phase increments for the 
beam-forming networks. 
B. Wideband Power Splitters 
 To build the beam-forming networks shown in Fig. 1, equal 
and unequal power dividers with equal phase outputs are 
needed. The power distributions of the 5- and 6-element arrays 
are tapered as shown in Fig. 11(a) and (b). This type of tapered 
distribution is applied in both cases and has the effect of 
reducing the side-lobe levels [33]. For the 5-element array, the 
center element has the highest power level of 0 dB and it 
decreases to -1.8 dB and -4.8 dB at the two edges. For the 
6-element array, the centre two elements have the highest 
power level of -1.8 dB, while the power levels at the other four 
elements are at -3 dB, -3 dB, -4.8 dB and -4.8 dB, respectively.  
Fig. 12 shows the configuration of the splitters and their 
equivalent circuit using ideal transmission lines. Due to the 
requirement for wide operating bandwidth, single-section 
Wilkinson power splitters are not suitable. Therefore, a 
two-section splitter, composed of four transmission lines 
(𝑍𝑎1, 𝜃𝑎1) ,  (𝑍𝑎2, 𝜃𝑎2) ,  (𝑍𝑏1, 𝜃𝑏1) ,  and (𝑍𝑏2, 𝜃𝑏2)  and two 
isolation resistors (𝑅1, 𝑅2), is used, as indicated in Fig. 12(b). 
For wideband performance, the electrical length of each 
transmission line should be a quarter- wavelength at the centre 







Fig. 13. Simulated (a) magnitude of S11 and S21, (b) magnitude of S31 and S41, 
and (c) phases of S21 and S31 of the wideband power splitter. 
 
TABLE IV 
RELATED PARAMETERS OF TWO POWER DIVIDERS 
1:1 power divider 2:1 power divider 
Parameters Values (mm) Parameters Values (mm) 
𝑙1 1.9 𝑙1 2.05 
𝑙2 1.9 𝑙2 2.85 
𝑙3 19.2 𝑙3 19.46 
𝑙4 20.1 𝑙4 20.56 
𝑤1 1.7 𝑤1 1.7 
𝑤2 0.69 𝑤2 0.15 
𝑤3 0.69 𝑤3 1.94 
𝑤4 1.33 𝑤4 0.94 
𝑤5 1.33 𝑤5 2.17 
𝑅1 100 Ω 𝑅1 100 Ω 
𝑅2 200 Ω 𝑅2 240 Ω 
  
= 𝑆33 = 𝑆32 = 0  and the amplitude ratio of outputs is 




                                       (16) 




(a)                                                         (b) 
 
              
(c)                                              (d) 
Fig. 14. Configuration of (a) the ±45˚-polarized antenna element; (b) radiator; 
(c) balun 1, and (d) balun 2. 
 
TABLE V 
OPTIMIZED PARAMETERS OF THE ±45˚-POLARIZED ANTENNA ELEMENT 
Parameters Values (mm) Parameters Values (mm) 
𝑙1 25 𝑙2 7 
𝑙3 14 𝑙4 2 
𝑙5 34 𝑙6 4 
𝑙7 2.5 𝑙8 19 
𝑙9 1.55 𝑙10 11.25 
𝑙11 0.5 𝑙12 10.15 
𝑙13 0.3 𝑙14 18 
𝑙15 11 𝑙16 0.45 
𝑙17 10 𝑙18 0.2 





                                       (17) 
where 𝑘 represents the square root of power division ratio 𝑘2 at 
two output ports. Obviously, the total output power should be 
equal to the input power. To obtain symmetrical power level 
distributions on the upper and lower lines, the following 
equation should be satisfied so as to avoid dissipation of power 







                                     (18) 
Meanwhile, a suitable selection of isolation resistors 𝑅1 and 
𝑅2 are given by:  





) 𝑍0                                 (20) 
Here, two power dividers are needed −  one with equal 
power division (𝑘2 = 1/1)  and one with unequal division 
(𝑘2 = 2/1). Based on the analysis above, the S-parameters of  
 
Fig. 15. Simulated S-parameters of the ±45˚-polarized single antenna element. 
 
 
Fig. 16. Simulated radiation pattern at 1.8 GHz, 2.2 GHz, and 2.6 GHz for the 
±45˚-polarized antenna element. 
 
 
Fig. 17. Simulated HPBW and gain for the ±45˚-polarized antenna element. 
 
two power dividers can be synthesized as given in Figs. 13(a) 
and (b). For the equal power splitter, it is found that |𝑆21 | =
|𝑆31| = −3 dB and |𝑆11 |, |𝑆22 |, |𝑆33 | and |𝑆22 | are all below 
-25 dB. For the unequal case, |𝑆21 | and |𝑆31| are -1.8 and -4.8 
dB respectively, with a difference of 3 dB indicating the power 
division of 2:1. The return loss at all ports and the isolation are 
greater than 20 dB across a wide band. The phase response of 
the unequal power divider is shown in Fig. 13(c). It is observed 
that the phase difference between two paths is smaller than ±1° 
across the whole band, which can be regarded as an in-phase 
power divider. An EM structure is built and the related 
dimensions are listed in Table IV. The simulated results agree 
well with the predicted ones, indicating that the design can 
provide proper power levels at outputs of the beam- forming 
networks and small reflections across such wide band range, 
which guarantee the overall performance of whole beam- 
forming network when integrated in systems. 











Fig. 19. Photograph of the fabricated Butler matrix prototype. 
 
V. RADIATING ELEMENTS AND ARRAYS   
This section shows the design of the radiating element and 
arrays used in the beam-forming arrays. To obtain stable 
patterns and minimize the effect of mutual coupling between 
elements, a compact structure of dual-polarized element is 
proposed and verified. Simulations have been conducted on a 
single isolated radiating element as well as on the 
beam-forming arrays. 
A. Configuration of the Radiating Element 
The configuration of the ±45˚-polarized antenna element is 
shown in Fig. 14. The reason for this selection is the small size  
of the element which permits a half-wavelength spacing. This 
should minimize the mutual coupling between elements. Each 
element consists of a square-shaped cross-dipole, two 
perpendicular baluns, and a flat square ground reflector. For 
each dipole arm, a square metal piece is added in the square 
loop for convenient matching and minimizing the radiator’s 
size. The cross-dipole is printed on the top of a substrate of 
dielectric constant 4.3 and thickness 1.0 mm. Two baluns are 
designed to excite the cross-dipole to achieve ±45˚ 
polarizations. The detailed design procedure with impedance 
matching for the wideband balun was presented in [34], and is 
not repeated here. The optimized dimensions of the element are 
listed in Table V. The element features a compact size of 51.4 × 
51.4 mm2. 
The simulated S-parameters for a single isolated element is 







Fig. 20. Measured S-parameters of the fabricated Butler matrix: (a) return loss 
and isolations; (b) transmission coefficients; (c) differential phases. 
 
are well-matched with |𝑆11| and |𝑆22| below -16.5 dB across the 
band. The coupling between the two polarizations is less than 
-33 dB across the band. The radiation pattern of the element for 
one polarization at 1.8 GHz, 2.2 GHz, and 2.6 GHz is given in 
Fig. 16, from which very stable radiation patterns can be 
observed, with cross-polarization level less than -22 dB at 
boresight. The simulated horizontal HPBW and gain 
performance are shown in Fig. 17, which shows that the HPBW 
varies within 68˚±2˚ and the gain fluctuates around 9.0 dBi 
from 1.7 GHz to 2.7 GHz for the two polarizations. The good 
performance of the antenna element contributes to reliable 
pattern of antenna arrays used in the beam-forming arrays. 
While the elements were designed in isolation, the performance 
of the array is calculated in the presence of mutual coupling. 
B. Arrays 
 Two arrays are designed as shown in Fig 18. The spacing 
between the elements is of critical importance for the sidelobe 
level (SLL) and grating lobe level (GLL) for beams offset from 
boresight. The small size of the elements provides the freedom 
for the array arrangement. The spacing between the elements is  







Fig. 21. The tested LTE beam-forming array including the beam-forming 
network and 6-element antenna array: (a) test environment; (b) overall 
structure. 
 
important in arrays. For the 5-element and 6-element arrays, the 
distances are set to be 70 mm (~ 0.50 λ0) and 75 mm (~ 0.54 λ0), 
respectively. These are optimized to minimize the SLL and 
GLL across the band. The antenna arrays are fed from two sets 
of beam-forming networks for the two polarizations. 
VI. EXPERIMENT RESULTS AND DISCUSSIONS 
A. Experimental Results of the three-beam Butler Matrix 
Finally, a prototype of beam-forming network as well as the 
beam-forming array are built and tested for validation. Fig. 19 
shows the fabricated prototype of the wideband three-beam 
Butler matrix. Since the design is implemented in stripline 
technology, the top and bottom layer are ground while the 
tracks are in the central layers and are not visible. Its overall 
performance is shown in Fig. 20. The measured results agree 
well with the predictions. As observed from Fig. 20(a), within 
the band, all return loss values from input ports and isolation 
values between any two input ports ( |𝑆𝑖𝑖|  and |𝑆𝑖𝑗| , 𝑖, 𝑗 =
1, 2 or 3) are  greater than  15 dB. The transmission properties 
of |𝑆𝑗𝑖|  ( 𝑖 = 1, 2 or 3 , and  𝑗 = 4, 5 or 6 ) are -5.8±1.0 dB, 
which means the insertion loss is around 1.0 dB for all signals. 
The tested differential phases at all ports are −120°, 120°, and 
0° when port 1, port 2 and port 3 are excited with around ±10° 
deviation, which is the same as the simulation. These results 
guarantee that the three beams of the multi-beam arrays are 





Fig. 22. Measured return loss and isolation at input ports of two beam-forming 
arrays: (a) using 5-element array; (b) using 6-element array. 
 
B. Experimental Results of Beam-forming Arrays 
The test environment and the overall structure of beam- 
forming arrays and are shown in Fig. 21(a) and (b). The 
three-beam Butler matrix is cascaded with the three power 
dividers using adapters, and then the output ports of power 
dividers are connected with six array elements using cables. 
Since the two beam-forming arrays in Fig. 11 are similar in 
terms of structure and testing procedure, only the case of 
+45°-pol of the 6-element array is given here. It is noted that 
due to the limitations of the test equipment, we rotated the array 
by 90 degree and tested the pattern in the elevation plane. 
Fig. 22 shows the measured return losses (|S11|, |S22|, and 
|S33|) and isolation (|S21|, |S31|, and |S32|) of the two beam- 
forming arrays comprising the beam-forming networks and 
antenna arrays.  In both systems with 5-element or 6-element 
arrays, matching with return loss greater than 12.2 dB is 
achieved across the band from 1.6 GHz to 2.8 GHz. Some 
reflections are caused by the cables, adapters and connectors 
used within the beam-forming arrays. Isolation better than 11 
dB is obtained over the band. It is observed in Fig. 22 that more 
ripples are produced in the band compared with in Fig. 20(a) 
with only the Butler matrix. This phenomenon is due to the 
multiple reflections generated by the power dividers and 
antenna arrays. 
The radiation patterns obtained from the 6-element array 
fed by the beam-forming network are presented in Fig. 23. 
Three spaced beams beam 1, beam 2 and beam 3 are generated 
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(a)                                                                                 (b)                                                                               (c) 
      
 
(d)                                                                                 (e)                                                                               (f) 
   
(g)                                                                                 (h)                                                                               (i) 
Fig. 23. Simulated radiation pattern at 1.8 GHz, 2.2 GHz, and 2.6 GHz for the 6-element antenna array fed by the beam-forming network: (a) beam 1 at 1.8 GHz; (b) 
beam 2 at 1.8 GHz; (c) beam 3 at 1.8 GHz; (d) beam 1 at 2.2 GHz; (e) beam 2 at 2.2 GHz; (f) beam 3 at 2.2 GHz;  (g) beam 1 at 2.6 GHz; (h) beam 2 at 2.6 GHz; (i) 
beam 3 at 2.6 GHz. 
 
the beams obtained using the 5-element and 6-element arrays 
are similar, only the patterns of the 6-element array are shown. 
The simulated and measured patterns are provided at three 
frequencies, 1.8 GHz, 2.2 GHz and 2.6 GHz. Good agreement 
between the simulated patterns and the measured ones is 
achieved. Three contiguous beams with different pointing 
angles are realized by the beam-forming network across the 
LTE band. As shown in Figs. 23(a)-(c), beams at 1.8 GHz point 
at  −42°, 42°  and 0° when port 1, port 2 and port 3 of the 
beam-forming network are excited respectively. The measured 
horizontal HPBW of these three states are 23°, 23° and 20°, 
which are exactly those predicted. The realized gain is around 
11.8 to 13 dBi and the SLL is below -12 dB. At 2.2 GHz as 
shown in Figs. 23(d)-(f), the beams point at −36°, 36° and 0° 
and HPBWs are around  20°, 20° and 16° when port 1, port 2 
and port 3 are excited. The realized measured gain is around 
12.6 to 13.8 dBi, compared with the simulated value of 13 to 
14.8 dBi. The SLL is below -13 dB and cross-polarization level 
less than -15 dB at the center of each beam. Figs. 23(g)-(i) 
display the radiation patterns at 2.6 GHz with three beams 
pointing to −30° , 30 °  and 0° , respectively. The HPBW is 
around 16°, 16° and 13°, and realized gain is 13.5 to 14.6 dBi. 
The SLL is below -17 dB and cross-polarization level less than 
-16 dB. 




OVERALL PERFORMANCE OF THE 6-ELEMENT ARRAY FED BY THE BEAM-FORMING NETWORK 
 1.8 GHz 2.2 GHz 2.6 GHz 
 Port 1 Port 2 Port 3 Port 1 Port 2 Port 3 Port 1 Port 2 Port 3 
Beam angle −42° 42° 0° −36° 36° 0° −30° 30° 0° 
HPBW 23° 23° 20° 20° 20° 16° 16° 16° 13° 
Realized Gain 
(dBi) 
12 11.8 13 13 13.2 14.8 14.8 14.6 15.1 
Cross-pol Level 
(dB) 
-22 -16 -15 -18 -19 -15 -11 -14 -22 
Side-lobe Level 
(dB) 
-13 -14 -14 -13 -13 -15 -15 -14 -17 
 
Table VII  
Comparison Between This Work with Other Beam-forming Networks and Antenna Arrays 















[15] 4 × 4 Microstrip 5.8-6.4 9.8 NG -10 -18 Yes 8.7-9.8 NG 
[16] 8 × 8 Stripline 2.45 NA 2-3 -10 NG Yes 7.4-10.8 NG 
[17] 4 × 4 Microstrip 4.4-5.8 23.5 NG -12 NG Yes ~7.1 36 
[19] 4 × 8 Waveguide 58.5-62.5 4 NG -10 -10 Yes 25-27 17-21 
[20] 4 × 4 SIW 25-28 11.3 1.5-3 -10 NG Yes 11.9-12.8 NG 
[21] 4 × 4 SIW 8.5-10.6 22 NG -15 -15 No NA NA 
[23] 4 × 4 Microstrip 1 NA 1.75 -18 -15 No NA NA 
[24] 4 × 4 Microstrip 0.96-1.04 8 1.5 -10 -10 Yes NG NG 
[25] 4 × 4 
Three-layer 
Microstrip 
1.96-3.15 47 1.4-3.4 -15 NG Yes NG NG 
[26] 4 × 4 Microstrip 2.4 NA 1.7 -14 -18.2 Yes 7-10 26-42.5 
[27] 3 × 3 Microstrip 5.6-6 7 1-2.4 -15 -20 Yes ~10 NG 
[28] 3 × 4 Microstrip 2.1-3 37 1.5-3 -15 -15 No NA NA 
[29] 3 × 3 Microstrip 1.7-2.7 46 1-4 -14 -20 No NA NA 










3 × 5 
3 × 6 
Stripline 1.7-2.7 46 0.5-1.5 -15 -18 Yes 11.8-15.1 16-20 
* FR: frequency range; BW: bandwidth; IL: insertion loss; RL: return loss; HPBW: half-power beamwidth; NG: not given; NA: not applicable. 
 
C. Discussions 
The overall performance of the beam-forming arrays is 
given in Table VI. As expected, as the operating frequency 
increases from 1.8 GHz to 2.6 GHz, the beam-pointing angle 
slightly moves to the boresight, the HPBW becomes narrower, 
and the realized gain is slightly increased. The side-lobe level is 
improved as the operating frequency increases, but a grating 
lobe rises. These effects are mainly due to the variation of the 
spacing in wavelengths between elements. The variation of the 
pattern across the band is not significant and the beam 
crossover level between adjacent beams is almost constant. The 
achieved crossover values for the 5- and 6-element arrays are 
-10 dB and -15 dB, which are exactly in line with the target. It is 
noted that the mutual coupling of the arrays has been included 
in all simulations. The patterns hardly change between 1.71 
GHz and 1.8 GHz as well as between 2.6 GHz and 2.69 GHz. 
Table VII shows the comparison between the performance 
obtained in this work and other beam-forming arrays. In this 
table, the overall performance of beam-forming networks 
(such as insertion loss, return loss, isolation) and the 
performance of antenna arrays (including the realized gain 
and half-power beamwidth) are given. From the circuit 
perspective, the beam-forming network in this work has 
excellent performance including the lowest loss, small 
reflection, high isolation across, and wide operating 
bandwidth. In order to get stable patterns, compact 
dual-polarized antenna arrays are developed using a 
compact antenna element. The antenna arrays are well 
matched by wideband baluns with the mutual coupling 
considered. The presented beam-forming network and beam- 
forming arrays have demonstrated the largest operating 
bandwidth and the most stable patterns across the targeted 
LTE band range. 
It is noted that the beam-forming network can generate 
three adjacent beams radiating at different angles to cover a 
certain area in the azimuth plane. Since the measured 
isolation between the beam-forming inputs is high, there is 
very little interference between the three beams. Therefore, 
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signals targeted at different sub-sectorial regions can be 
transmitted at different ports of the beam-forming networks 
simultaneously. In this way, the function of transmitting 
multiple beams is realized and thus the data capacity of the 
communication system is tripled. It is also noted that in this 
work, three-beam beam-forming networks are considered 
because of their importance in LTE networks.  The same circuit 
techniques are applicable to the more usual  2𝑛-way networks 
where wideband operation is required. A 4-way matrix 
implemented with these components will have similar loss, 
isolation and return-loss performance. 
VII. CONCLUSION 
In this paper, a novel wideband beam-forming network and 
two multiple beam-forming arrays for LTE base stations have 
been presented and verified. The designs are described in detail 
and are directly applicable to other configurations covering the 
LTE band. Thorough analysis of a beam-forming network 
generating three beams has been given. The design of wideband 
components including quadrature couplers, phase shifters and 
power splitters are reported. Since the stripline techniques are 
used throughout the whole design, the overall loss of the circuit 
is extremely small. To implement the function of beam-forming 
network, two different LTE sub-system configurations are 
designed and verified with antenna arrays composed of five and 
six ±45° linearly-polarized elements. Measurements have been 
conducted successfully on the beam-forming networks as well 
as on the two beam-forming arrays. The results show that the 
proposed design can increase system capacity by producing 
multiple beams in free space, which can be used in a wide range 
of multi-beam LTE base stations. 
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